ABSTRACT Background: Oral administration of enzymatic hydrolysate of cow's milk whey protein (WPH) has been reported to produce an anti-inflammatory effect. Since inflammation plays a role in dermatitis of allergic disease, we examined the influence of WPH on the development of atopic dermatitis (AD)-like skin lesions, induced in NC! Nga mice by the mite antigen Dermatophagoides pteronyssinus (Dp).
INTRODUCTION
Whey protein comprises approximately 20% of the protein found in milk. 1 Certain whey proteins, such as lactoferrin, have been demonstrated to have antiinflammation properties. 2 Lactoferrin has actions to regulate levels of tumor necrosis factor (TNF) and interleukin 6 (IL-6), thus decreasing inflammation. Furthermore, whey protein hydrolysate (WPH) has been reported to possess antioxidant 3 and anti-inflammation effects. 4 However, WPH's effects on atopic diseases have not been studied.
Atopic dermatitis (AD) is a chronic inflammatory skin disease characterized by pruritis , erythema , edema, excoriation, and dryness. Various serum proteins , such as soluble adhesion molecules and chemokines, have been reported to correlate with the inflammation in AD. 5 Recently, NC! Nga mice have been used as a model for investigating the mechanism of moderate AD, with several reports of AD-like skin lesions induced by mite antigen. [6] [7] [8] [9] In this study, we examined the suppressive effects of WPH diets on development of AD-like lesions in NC! Nga mice. In addition, we searched for a serum marker that is correlated with the skin lesions in the mice, as well as in humans with AD.
METHODS

ANALYSIS OF WHEY PROTEIN HYDROLYSATE
Whey protein (Meiji Dairies Corporation) was enzy- 
MICE
Four-week-old NC! Nga female mice (Charles River Japan, Kanagawa, Japan) were housed at 21 ± 2" in 55 ± 15% humidity with a 12-hour light-dark cycle (light on 7 AM!7 PM) in SPF condition. After preliminary breeding for 1 week, the mice were divided into four groups , Water-casein , Mite-casein , Mite-CPH and Mite-WPH as shown in Figure 1 . All experiments were performed in accordance with the animal care ethics guidelines of Meiji Dairies Corporation.
INDUCTION OF ATOPIC DERMATITIS
AD-like skin lesions were induced using a modification of the procedure described by Unno et al. 6 The mite Dermatophagoides pteronyssinus ( Dp ; LSL , Tokyo, Japan) was extracted and adjusted to 4.5 mg! ml protein concentrations (BSA conversion). Mice were fed experimental diet for 2 weeks and water or mite antigen applied daily for 4 weeks to the sheared back skin and pinnae with a brush. Prior to each application, 4% SDS was applied to disrupt the skin barrier ( Fig. 1 ).
SKIN STATUS
Skin status was observed weekly . The degree of erythema! hemorrhage, edema, excoriation! erosion, and dryness were each scored from 0 points (none) to 3 points (severe). The sum of these scores was defined as the skin score. 10 
SERUM IgE LEVELS MEASUREMENT
Serum samples were collected on days 0, 14, 21 and 28 after starting the antigen application and stored at −40" for analysis. Total IgE levels in the serum were assessed by sandwich enzyme linked immunosorbent assay (ELISA). Antibodies used were : capture antibody; clone R35!72, and biotin-conjugated antibody; clone R 35 ! 118 ( BD Pharmingen , San Diego , CA , USA ) . Standard IgE used was clone C 38 ! 2 ( BD Pharmingen).
SERUM SOLUBLE E-SELECTIN MEASUREMENT
Soluble E-selectin in serum samples was measured using a mouse serum soluble E-selectin assay kit (R&D; Minneapolis, MN, USA).
STATISTICAL ANALYSIS
Skin score data was analyzed by cumulative chi square test: 1 way type. Serum IgE and sE-selectin F i g . 3 S k i n s c o r e o b s e r v e d we e k l y a f t e r wa t e r / mi t e a n t i g e n a p p l i c a t i o n i n NC/ Ng a mi c e . Wa t e r -Ca s e i n : o p e n c i r c l e s ; Mi t e -Ca s e i n : c l o s e d c i r c l e s ; Mi t e -CP H: l i g h t g r e y c i r c l e s ; Mi t e -WP H: d a r k g r e y c i r c l e s . E a c h p o i n t i n d i c a t e s t h e me a n ± S D. 
RESULTS
HPLC CHART OF WPH
Molecular weight distributions of WPH and CPH are shown in Figure 2 . The mean molecular weights of WPH and CPH were nearly 800 and 400 Daltons, respectively.
SUPPRESSIVE EFFECTS OF WPH DIET ON SKIN LESION
Mite antigen-applied mice appeared to develop ADlike skin lesion. Skin scores of casein-fed and CPHfed mice increased 2 weeks after the beginning of the mite extract application (Fig. 3) . In contrast, WPH-fed mice showed significantly lower skin scores than casein-fed mice after both 2 and 4 weeks of application. Mice receiving water applications did not show AD-like skin findings.
Typical photographs of each group after 4 weeks of application are shown in Figure 4 (A)!(D). The mean itemized skin scores are shown in Figure 3 (E). Skin scores for groups (A)!(D) were 1 (Water-Casein), 7 (Mite-Casein), 9 (Mite-CPH) and 4 (Mite-WPH), respectively. Erythema! hemorrhage and excoriation! erosion scores were significantly lower in WPH-fed mice than in casein-fed mice . Scores for each item were similar between the casein-fed and CPH-fed mice. Scratching behavior of mice was recorded for 1 minute . There was no significant difference among the groups (data not shown).
TOTAL IgE AND DP-SPECIFIC IGE LEVELS
Total IgE levels increased in all 3 groups that had received mite antigen. However, there was no significant difference among the groups (Fig. 5) . Total IgE levels of mice receiving water applications were less than 1µg! ml.
SOLUBLE E-SELECTIN LEVELS
WPH-fed mice showed significantly lower sE-selectin levels than CPH-fed mice (Fig. 6) . A significant correlation between the skin score and sE-selectin was observed . On the other hand , serum RANTES and sICAM-1 levels, which have also been reported as serum markers in AD patients 11 , did not correlate with skin scores (data not shown).
DISCUSSION
In this study, we investigated the suppressive effect of WPH against AD-like skin lesions induced by mite antigen in NC ! Nga mice . Skin scores of WPH-fed mice were significantly lower than those of CPH-fed mice at both 2 and 4 weeks after beginning antigen application. Hematoxylin and eosin stained histological sections from ears showed that pathologic tissue of WPH-fed mice tend to have less infiltration of inflammatory cells such as neutrophils than that of CPH -fed mice (data not shown). On the other side, scratching behavior did not correlate with skin score. Perhaps longer periods of observation are needed. 9 Since a significant difference in the severity of the skin lesions was observed among Mite-Casein, Mite-CPH and Mite-WPH groups, a difference in total serum IgE was expected . However , total IgE levels were similarly elevated in all antigen groups , irre- F i g . 6 S e r u m s o l u b l e E -s e l e c t i n l e v e l s i n NC/ Ng a mi c e 4 we e k s a f t e r wa t e r / mi t e a n t i g e n a p p l i c a t i o n . Wa t e r -Ca s e i n : wh i t e ; Mi t e -Ca s e i n : b l a c k ; Mi t e -CP H: l i g h t g r e y ; Mi t e -WP H: d a r k g r e y . E a c h p o i n t i n d i c a t e s t h e me a n ± S D. spective of diet. The mechanism for suppressive effect of WPH on AD-like skin findings is therefore thought to be independent of the induction of IgE production.
We investigated serum markers in our mouse model, which have been reported to correlate with the skin lesions in human AD. Serum sE-selectin levels in WPH-fed mice were found to be significantly lower than those of CPH-fed mice.
The cell expression of E-selectin is regulated by cytokines such as TNF-α. In this study, there was no significant difference among the three groups that had received mite antigen in cell proliferation or cytokine ( such as TNF-α ) production from cervical lymph nodes (data not shown). The suppressive effect of WPH on AD-like skin lesions therefore did not involve T-cells, but was likely due to macrophages at the inflammation site. The different effects of WPH and CPH in this study are of interest. In addition, mite antigen induced ADlike skin lesions was suppressed by the whey protein diet ( AIN 93 G's protein source half replaced with whey protein) fed mice, compared with those receiving the all-casein diet (data not shown). Not only is the amino acid proportion but also the protein components are different between casein and whey protein.
In addition, the peptides resulting from protein digestion are different. Whey proteins such as lactoferrin possess anti-inflammation effects, 2 and WPH has also been reported to possess anti-inflammation effects. 4 In contrast, casein peptides enhance TNF-α and IL-6 production by bone marrow macrophages in mice. 12 These biological differences between whey and casein proteins might explain the difference in the severity of skin lesions observed in WPH-and CPH-fed mice exposed to mite antigens. Further experiments are necessary to clarify the mechanisms.
Milk proteins are used in infant formula. WPH and CPH have been used as the major protein source in formulas for infants with allergic disease to reduce antigen reactions. [13] [14] [15] In this study, we showed that oral administration of WPH could reduce the severity or delay development of AD-like skin lesions in NC! Nga mice, compared with CPH. That is, WPH-based infant formula is likely to have not only low antigen reactivity, but also to have a favorable clinical effect over CPH-based infant formula for infants with atopic dermatitis.
